Resveratrol has been shown to have anticarcinogenic activity. We previously found that resveratrol inhibited growth and induced apoptosis in 2 human melanoma cell lines. In this study we determined whether resveratrol would inhibit human melanoma xenograft growth. Athymic mice received control diets or diets containing 110 mmol/L or 263 mmol/L resveratrol, 2 wk prior to subcutaneous injection of the tumor cells. Tumor growth was measured during a 3-wk period.
Introduction
Resveratrol is a polyphenol found in high concentration in red grapes, red wine, peanuts, and pines (1) . In many plants, resveratrol is synthesized in response to a stress condition, such as an infection, and thus can be considered to be a phytoalexin (2) . Resveratrol has estrogenic activity in mammals (3, 4) and therefore is classified as a phytoestrogen. Epidemiological studies indicate an inverse correlation between red wine consumption and the incidence of cardiovascular disease and that resveratrol might be the active principle in red wine. Indeed, resveratrol inhibits platelet aggregation (1) and has a vasorelaxing effect (5) . Resveratrol also inhibits the oxidation of low-density lipoproteins (6) , most likely because of its general antioxidant activity (7) . All of these properties of resveratrol are consistent with its protective effect against cardiovascular disease.
In the past few years it has been discovered that resveratrol also has antitumor activity (8) . Resveratrol has been shown to inhibit proliferation and induce apoptosis in a variety of human cancer cell lines, including breast, leukemia, prostate, and colon (9) (10) (11) (12) . Induction of in vivo apoptosis in tumor cells in rats as the result of resveratrol administration has also been reported (13) . The exact mechanism by which resveratrol can inhibit the various steps in carcinogenesis (initiation, promotion, and progression) is not known.
Human melanoma is a tumor whose frequency is increasing at an alarming rate (14) . If detected early and surgically excised, the 5-y survival rate is favorable. However, later stages of the disease are difficult to treat and long-term survival is low. Clinical evidence suggests that acute sun exposure and frequent sunburns during childhood could give rise, decades later, to melanoma. There are only a few reports on the effect of resveratrol on melanoma. Caltagirone et al. (15) found that resveratrol inhibited the growth of the mouse melanoma B16-BL6, but did not decrease its metastatic or invasive potential. We previously reported (16) that resveratrol inhibited growth and induced apoptosis in 2 human melanoma cell lines. In contrast, Yang and Meyskens (17) found that resveratrol inhibited anchorage-independent growth of several human melanoma cell lines, but did not induce apoptosis or inhibit anchoragedependent growth. The purpose of our study was to determine whether resveratrol could inhibit the growth of the cell line that we found most sensitive to resveratrol-induced apoptosis when grown as a xenograft in athymic mice.
Material and Methods
Cell lines A375, SK-mel-28, and SB2 melanoma cells were obtained from the American Type Tissue Collection. MeWo melanoma cells were provided by Dr. Menashe Bar-Eli, the University of Texas MD Anderson Cancer Center, Houston. B16BL6 melanoma cells were originally obtained from the Mason Research Institute, Worcester, MA. Cells were maintained as previously described (16, 18) . The A375 cells were grown until they were 70% confluent. They were then harvested by trypsinization (0.5% trypsin/2.6 mmol/L EDTA), and washed with PBS and 2 3 10 6 cells injected subcutaneously (s.c.) in the hind flank of athymic mice.
Mice and experimental design Four-week old male mice, Nu/Nu-nuRB, an out-bred strain, were purchased from Charles River Laboratories. Mice were housed in individual ventilated cages, 5/cage. After a 1-wk acclimation period, mice received 0.005%, 0.01% resveratrol (Sigma), or 0.1% ethanol in their drinking water. Each control and experimental group had 10 mice. The amount of drinking water consumed was measured every second day. Two weeks after adding resveratrol or ethanol in the drinking water, all mice were injected s.c. in the right flank with 2 3 10 6 A375 human melanoma cells. Mice weight, water, and food intake were determined every second day. At these times, mice were palpated and the presence of a mass noted (latency time). After tumor formation, its volume (V ¼ l 3 w 2 /2) was measured every second day using digital calipers.
For feeding experiments, mice were acclimated for 1 wk and then fed the following diets: 5LG4 NIH-31 R&M/6F irradiated (19) (control diet); 5LG4 NIH-31 R&M/6F irradiated, and containing 0.0025% (110 umol/L) resveratrol; 5LG4 NIH-31 R&M/6F irradiated, and containing 0.006% (263 umol/L) resveratrol. All diets were purchased from Purina Mills. After mice consumed the diets for 2 wk (10 mice/diet), they were injected s.c. in the right flank with 2 3 10 6 A375 human melanoma cells. Weight, drinking water, and food consumed were measured every other day. Mice were also palpated every second day and the presence of a mass (latency time) recorded. After tumor formation, its volume was measured every other day, as described above.
We also treated the Nu/Nu mice with slow-release resveratrol pellets. They were acclimated for 3 wk and then injected s.c. in the right flank with 2 3 10 5 A375 human melanoma cells. Once a mass was detected (approximately 1 wk after injection), mice were anesthetized using Halothane, and pellets were implanted next to the mass by making an incision equal to the diameter of the pellet. A small pocket was created and the pellet implanted with forceps. The incision was closed using Derma bond, and Neosporin was applied to the wound. All procedures were performed in a laminar flow hood to ensure sterility. Pellets (21-d release) were purchased from Innovative Research of America and contained 0, 10, 25, 50, or 100 mg of resveratrol. Because the pellets were different sizes, the control group was implanted with the largest size of placebo pellet. Each group contained 10 mice (50 mice for the entire experiment). After the surgery, mice were weighed and their water and food intake was measured every other day. Tumor volume was also recorded every second day. At the end of 21 d, mice were killed by CO 2 inhalation, tumors were removed and weighed, and the size of the implanted pellets was recorded. Samples of blood, skin, kidney, and liver were taken to determine amounts of resveratrol and its metabolites. The animal facilities and protocols reported were approved by the Marshall University Institutional Animal Care and Use Committee.
Resveratrol metabolism studies General treatment. Naïve or tumor-bearing male mice (28-33 g body weight) were administered resveratrol (75 mg/kg; 10 mL/kg) dissolved in 50% ethanol (in 0.9% saline) orally via a feeding needle (20 gauge). The tumor-bearing mice used for these studies were obtained from the control group at the end of the resveratrol feeding studies. Mice were anesthetized with CO 2 and blood was collected by cardiac puncture using heparinized 1 mL syringes at 5 min post-treatment. Tissues (liver, skin, and tumors) were removed immediately following cardiac puncture, placed in liquid nitrogen, and stored at 275°C until assayed.
Sample preparation. Plasma was obtained by centrifugation (5400 3 g; 10 min) of blood samples. To 50 mL of plasma, 945 mL 50% methanol and 5 mL internal standard solution (5-sulfosalicylic acid, 500 ng/mL) were added. The sample was centrifuged (9000 3 g; 10 min, 4°C) and the supernatant filtered through a 0.45 mm syringe filter into a 1.5 mL plastic microcentrifuge tube and stored at 275°C prior to HPLC analysis. Tissue (liver, skin, and tumor) samples (200-300 mg) were homogenized (Tekmar Tissuemizer) in 500 mL cold acetone. The probe was rinsed with 500 mL acetone and the rinse added to the homogenized sample. The combined sample and rinse were then centrifuged (9000 3 g; 10 min, 4°C). The supernatant was collected and the acetone evaporated under a stream of nitrogen. The residue was suspended in 995 mL 50% methanol and 5 mL internal standard solution. The suspension was mixed for 10 min at room temperature using a vortex mixer and the supernatant filtered through a 0.45 mm syringe filter into a 1.5 mL plastic microcentrifuge tube and stored at 275°C prior to HPLC analysis.
HPLC methods. Resveratrol and piceatannol concentrations were determined using a Beckmann HPLC system consisting of a Beckman System Gold 126 solvent module linked to Beckman Nouveau System Gold software (version 1.7) for analysis, a Model 166 variable wavelength detector, and a Waters Nova-Pak C 18 4.6 3 250 mm cartridge column (4 mm particle size) fitted with a Nova-Pak Sentry guard column (3.9 3 20 mm). A detection wavelength of 306 nm and ambient temperature were used for all assays. The mobile phase was adopted from Kuhnle et al. (20) and consisted of aqueous methanol (20%) in hydrochloric acid (0.1%) and acetonitrile. The flow rate for all runs was 1.0 mL/min, and the gradient system was (min/% acetonitrile): 5/5, 10/15, 15/25, 20/35, 25/25, and 30/5. A 5-min equilibration period was used at the end of each 35-min run. Initially, standard curves were constructed for resveratrol and piceatannol (0.5-8.0 mg/mL) with a correlation coefficient .0.99. The limit of detection for each compound was ;1 ng/100 mL. For each sample run, 100 mL of sample with internal standard added as described above was injected for analysis. The method of Hong and Rankin (21) was used to determine the concentration of resveratrol glucuronides.
Food analysis. To determine the content of resveratrol in food, pellets (;1.0 g) were crushed into powder, and a portion of the powder (200 mg) was ground to a fine powder with a mortar and pestle. A mixture of the fine powder (100 mg) and internal standard solution (5 mL) was brought to 1.0 mL with acetone. The resulting suspension was mixed on a vortex mixture (1 min) and centrifuged (5400 3 g; 10 min). The supernatant was removed, and the acetone evaporated under a stream of nitrogen. The residue was reconstituted into 1 mL 50% methanol and centrifuged (5400 3 g; 10 min). The resulting supernatant was filtered via syringe filter and analyzed using the HPLC method, described above.
Determination of experimental metastasis after piceatannol treatment Ten-wk old C57BL/6 male mice (syngeneic with the B16BL6 melanoma cells) were randomly divided into 2 groups and fed a fully characterized nutritionally complete normal crystalline amino acid diet (BioServ) that supports growth and reproduction (18) . After 7 d the mice were inoculated with 1.25 3 10 4 B16BL6 melanoma cells into the lateral tail vein. One day later the treatment group (n ¼ 15) received 1 daily injection of 50 mg/kg piceatannol intraperitoneally for 9 d. Piceatannol, isolated from the seeds of Euphorbia lagascae as previously described (22) , was administered in a vehicle containing 10% v:v of ethanol in 0.9% saline. Tumor-bearing control mice (n ¼ 14) received equivalent daily injections in the vehicle of 10% v:v alcohol in 0.9% saline. The injection volume was equal to 1% of the body weight. Body weight and food consumption were determined daily for 3 d before tumor inoculation, and each day thereafter. Because food intake decreased during treatment with piceatannol during the treatment period, the amount of the food given to the control group was restricted to the amount of reduced diet consumed by the treated mice on the preceding day. All mice were killed by CO 2 on d 21 following tumor inoculation and examined for pulmonary and extrapulmonary metastases according to previously described methods (23) .
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Statistical analysis Data for tumor growth curves are presented as means 6 SEM. Differences among groups were analyzed by 1-way ANOVA, followed by least significant difference post-hoc test. We used a P , 0.05 as the cutoff for significant difference among groups. Data analysis of the effect of piceatannol on B16 BL6 tumor metastases was analyzed by the Student's t test, with P , 0.05 considered significant. Values are presented as means 6 SEM.
Results
Effect of resveratrol containing diets on human melanoma xenograft growth. We initially administered resveratrol in the drinking water at 0.001 and 0.05% concentrations. We encountered 2 problems: the higher concentration of resveratrol was difficult to dissolve and we documented substantial oxidation of the resveratrol. Despite our best efforts, we could not prevent the oxidation of resveratrol; therefore, we abandoned this method of administering resveratrol to the mice.
Resveratrol at 110 mmol/L and 263 mmol/L concentrations (0.0025 and 0.006%, respectively) was incorporated into 5LG4 NIH-31 R&M/6F research mouse diets (Purina) and irradiated. These concentrations of resveratrol were chosen based on previous literature reports (24, 25) . A 2-wk prefeeding period was used to simulate potential chemoprevention. Stability of resveratrol in the mouse semipurified diet for the duration of these experiments was confirmed by HPLC analysis (data not shown). Despite the 2-wk feeding of resveratrol in their semipurified diet, the mice in this group did not differ in tumor latency time compared with mice receiving the nonresveratrol supplemented semipurified diet (control, 7.6 6 3.1 d; 0.025% resveratrol, 7.6 6 0.5 d; 0.006%, resveratrol 7.3 6 0.6 d). Mice fed the diet containing the highest amount of resveratrol had melanoma xenograft tumors that tended (P ¼ 0.09) to grow faster than mice fed the control diet (Fig. 1A) . This experiment was repeated a second time with similar results.
Resveratrol metabolism in tumor-bearing and nontumorbearing athymic mice. Part of the explanation for these negative effects of resveratrol on tumor growth could be due to the rapid clearance and transformation of resveratrol. Five min after a bolus gavage of 75 mg/kg resveratrol, plasma concentrations of resveratrol were 28.4 6 36.4 mmol/L ( Table 1) . We also detected 2 major metabolites of resveratrol in plasma: resveratrol glucuronide, which was present at higher amounts than resveratrol; and piceatannol, which was present at lower amounts than resveratrol. Liver contained higher amounts of resveratrol than either skin or plasma (Table 1) . However, in the plasma and liver, the major metabolite, resveratrol glucuronide, was present at equivalent or higher concentrations than resveratrol, whereas in the skin, resveratrol glucuronide concentration was considerably lower than resveratrol (Table 1) .
A similar experiment was conducted on the tumor-bearing control mice from the experiment described in Fig. 1 . Plasma contained more resveratrol than liver, which is different from the experiment with nontumor-bearing mice ( Table 2 ). The key finding is that the tumor contained a measurable amount of resveratrol, but it was only one-third the amount found in the skin.
Effect of resveratrol slow-release pellets on human melanoma xenograft growth. To try and bypass the problem of resveratrol metabolism by the liver, we implanted slow-release resveratrol-containing pellets next to newly developing tumors.
In preliminary experiments, we ascertained that pellets containing the highest concentration of resveratrol (100 mg) had no discernable effect on the health of mice over a 4-wk period. Food and water intake as well as weight were similar in control and resveratrol pellet-implanted mice. This method of delivering resveratrol did not inhibit tumor growth (Fig. 1B) . As in the resveratrol-feeding experiment, mice receiving the highest concentration of resveratrol tended to have faster growing tumors (0.05 , P , 0.09). This experiment was repeated a second time with similar results. The skin and plasma of mice receiving resveratrol-containing pellets had increased amounts of resveratrol as the concentration of resveratrol in the pellet was increased (Fig. 2) .
Piceatannol and experimental melanoma metastsis. Because piceatannol was a major metabolite of resveratrol, we determined whether this compound had any antimelanoma activity. For these experiments, we measured the effect of this compound on the in vitro growth of several human melanoma cell lines. Piceatannol treatment (5-40 mmol/L) for 48 h did not inhibit growth of A375, MeWo, SK-mel-28, or SB2 melanoma cells (data not shown). We then examined whether piceatannol would have any effect on experimental metastasis. For these experiments, we switched to the B16-BL6 highly metastatic murine melanoma cells and C57BL/6 mice. Nine days of treatment with 50 mg/kg piceatannol significantly increased the number of lung tumor colonies following intravenous injection of B16 BL6 melanoma cells ( Table 3) . No extrapulmonary metastases were found during the biopsy of these mice. Piceatannol treatment decreased diet intake by 67% (P ¼ 0.05) during the first 4 d of therapy, and this resulted in a 10% loss of body weight during this period. Diet intake gradually increased from d 5 and was the same as the control group between d 10 and 21.
Discussion
In a previous study, we found that resveratrol treatment of 2 human melanoma cell lines resulted in the inhibition of growth and a large increase in apoptosis (16) . We chose the most resveratrol-sensitive human melanoma cell line (A375) for the studies reported here. In our initial animal studies, we found that resveratrol was unstable in solution, probably because of rapid oxidation, and we therefore abandoned oral administration. In contrast, when resveratrol was incorporated into defined research diets, it was stable (data not shown). The results of the resveratrol feeding study were quite surprising in that there was a nonsignificant trend for faster-growing human melanoma xenografts in the mice fed the highest concentration of resveratrol. One possible reason for the lack of inhibition of tumor growth could be our finding that resveratrol is rapidly cleared from the athymic mice and very little of it reaches the skin and tumor. Rapid clearance of resveratrol has been reported for rabbits (24) , rats (25) , and mice (26) .
To circumvent the metabolism problem, we used slow-release resveratrol pellets implanted under the skin next to newly palpated tumors. However, the results of these experiments were similar to the feeding studies insofar as there was a nonstatistically significant trend for faster growing tumors in mice receiving the pellets containing the highest amount of resveratrol. Analysis of resveratrol levels in skin samples from these experiments indicate an association between mice receiving increasing amounts of resveratrol in the pellets and the amount of resveratrol in their skin at the end of the experiment. These data confirm that the pellets released resveratrol in the immediate vicinity of the tumor.
One possible explanation for the potential stimulatory effect of resveratrol on human melanoma xenograft growth is the presence of piceatannol in the skin of the mice (Table 2) . We found that piceatannol stimulated the formation of metastasis in B16BL6 cells in the lung of C57/BL6 mice. It is possible that this resulted from enhanced growth of micrometastases in the lung because the tumor cells were directly injected into the circulatory system, thus bypassing the steps of tumor invasion and extravasation.
There are several other reports that found resveratrol ineffective in inhibiting tumor growth in animal models despite its ability to inhibit cancer cell growth in vitro. The in vitro growth of 32Dp210 mouse myeloid leukemia cells was inhibited by resveratrol. However, when these cells were grown subcutaneously in mice, resveratrol administration did not alter the growth of the tumor (27) . Resveratrol also did not inhibit tumorigenesis in a chemically induced lung tumor model (28) or in a mouse model of intestinal tumorigenesis (29) . Although we used a 2-wk prefeeding period to mimic chemoprevention, the xenograft system could not adequately model spontaneous tumor development. Therefore it is still possible that resveratrol may inhibit early steps in melanoma formation.
In summary, despite the ability of resveratrol to inhibit human melanoma cell growth and induce apoptosis in cell culture, it was ineffective and may be stimulatory for the same cell line when grown as a xenograft in athymic mice. One reason for the lack of growth inhibition in vivo may be the rapid clearance of resveratrol, so that biologically effective concentrations cannot reach the tumor. Another possibility is the presence of the resveratrol metabolite piceatannol in the skin. We found that this compound can stimulate lung metastasis of a mouse melanoma cell line B16-BL6 when cells were injected into the tail vein of the syngeneic mice. We speculate that this resveratrol metabolite may also stimulate the in vivo growth of human 
